Introduction
The ground-source heat pump (GSHP) has gained increasing intention as high efficiency and environmental protection characteristics [1] [2] [3] . Cities such as Wuhan, cooling-dominated area, generally use HGSHPS [4] [5] [6] [7] [8] [9] , which are systems that adopt the combined operation of GHE and cooling towers. A long cooling tower operation time will result in the large energy consumption of the cooling tower fan and the water pump. Therefore, in this scenario, the system doesn't have the energy saving advantage of the GSHP. By contrast, if the cooling tower operation time is too short, then the GHE will undertake too much heat load and will result in high soil temperature and entering fluid temperature (EFT) of the heat pump unit, which will then increase the energy consumption of the heat pump system. Therefore, matching the operation of the GHE and the cooling tower poses a difficulty.
Among the many problems of the matching operation of the GHE and the cooling tower, the control strategy of the cooling tower is considered as the core problem. In 2000, Yavuzturk and Spitler first studied the cooling tower control strategies by using the same office building in two different climates in the United States as an example [10] . On the basis of their study, domestic and foreign scholars conducted related research on cooling tower control strategies [11] [12] [13] [14] [15] . Yavuzturk and Spitler directly proposed specific operating points as reference for each control strategy when choosing a control point temperature. They chose 35.8 °C as control point temperature for the highest temperature control strategy and chose 2 °C/1.5 °C and 8 °C/1.5 °C as control point temperature for the temperature difference control strategy [10] . However, they didn't prove that the operating points are the optimal operating points for the control strategy. Subsequent studies didn't adjust their assumptions according to different climate regions and geotechnical conditions. These studies also didn't analyze the optimal operating point of every control strategy, but directly used the operating points mentioned above. Therefore, the conclusions of these studies were needed to be improved.
In this paper, a hotel building in Wuhan is chose as the research object. First, we selected some control operating points of two control strategies (i.e., the highest temperature control strategy and the temperature difference control strategy) for simulation. Then, we investigated the influence of different control strategies on soil temperature increase and a 20-year energy consumption. Finally, the optimal control operating points of different control strategies were obtained. Design of the HGSHPS Building load calculation. This study selected a 16-floor hotel building with a total area of approximately 18,048 m 2 located in Wuhan City, China. The building loads were simulated by Designer's Simulation Toolkit (DeST) software developed by Tsinghua University. The hotel operates 24 hours every day. On the basis of the requirements of the cooling and heating periods of the Wuhan region, the cooling period was set to last from June 1 to September 30, whereas the heating period was set to last from December 1 to February 28.
Simulation shows that the maximum cooling load was 1,838 kW in the cooling period, whereas the maximum heating load was 954 kW in the heating period. The ratio of the maximum cooling and heating load was 1.93. The cumulative cooling and heating loads reached 2,174,626 and 688,206 kWh, respectively. The ratio of the cumulative cooling and heating loads was 3.16.
Heat pump system design. An auxiliary cooling device was adopted to undertake the load difference between cooling and heating loads during the cooling period. The cooling tower is usually utilized as the auxiliary cooling device. The GHE and the cooling tower in the HGSHPS are commonly connected in parallel or in series. The proposed system adopts the parallel connection form. The system schematic is shown in Fig. 1 .
Fig. 1. Schematic of HGSHPS
The soil thermal properties of the Wuhan region are investigated and stated in reference [16] . Considering that the circulation fluid of the GHE is not allowed to freeze under winter conditions, this study used 7% NaCl solution as the circulation fluid for GHE. The GHE used polyethylene (PE) pipe. The design parameters of the cooling and heating conditions are shown in Table 1 . On the basis of the calculation [17] , the designed tube length of GHE was 20,601 m, the number of boreholes was 103, the circulation liquid flow of GHE was 120 m 3 /h, and the circulating water flow of the cooling tower was 286 m 3 /h. According to the selection calculation, the main water pump capacity was 417 m 3 /h in summer and 120 m 3 /h in winter, and the pump head was 25 m. The water pump capacity of the cooling tower was 268 m 3 /h, and the pump head was 16 m. The heat exchange amount per Kelvin temperature difference of the plate heat exchanger was 833 kW/K.
The cooling tower control strategy setting
Highest temperature control strategy. This control strategy is based on the local climate conditions and air conditioning load characteristics. The highest temperature of the EFT (or ExFT) of the heat pump units were set in advance. If the temperature exceeds this value during operation, then the cooling tower is activated for auxiliary heat dissipation. The setting of the control operating points of this control strategy are shown in Table 2 . Temperature difference control strategy. This control strategy is based on the temperature difference between the EFT (or ExFT) of heat pump units and the outdoor air wet-bulb temperature. If the temperature difference exceeds the setting range, then the cooling tower is activated for auxiliary heat dissipation until the temperature difference returned to the setting range. The setting of the control operating points of this control strategy are shown in Table 3 . 
TRNSYS-based model establishment
The initial soil temperature was set to 17.3 °C [16] . The time step was set to 1 hour. To conduct a 20-year simulation, we adopted the HGSHP system model for each control operating point of the above strategies. A total of 175,200 steps were simulated.
Simulation results and control strategy analyses
The cold and heat source sides of the heat pump system adopted the constant flow operation. The main water pump energy consumption was similar under every control strategy, and its 20 years' energy consumption was 3,357,982 kWh. The values will not be restated in the sections below. The highest temperature control strategy of the EFT of heat pump units. The energy consumption of this control strategy are shown in Table 4 and Fig. 2 , the maximum soil average temperature of this control strategy is shown in Fig. 2 . The highest temperature control strategy of the ExFT of heat pump units. The energy consumption of this control strategy are shown in Table 5 and Fig. 3 , the maximum soil average temperature of this control strategy is shown in Fig. 3 . The temperature difference control strategy of the EFT of heat pump units. The energy consumption of this control strategy are shown in Table 6 and Fig. 4 , the maximum soil average temperature of this control strategy is shown in Fig. 4 . The temperature difference control strategy of the ExFT of heat pump units. The energy consumption of this control strategy are shown in Table 7 and Fig. 5 , the maximum soil average temperature of this control strategy is shown in Fig. 5 . 
Simulation result analysis and conclusion
Analysis of the highest temperature control strategy. Simulation results show that when the highest temperature control strategy is adopted to control either the EFT or the ExFT of the heat pump units, the energy consumption of the heat pump units will increase, whereas the energy consumption of the cooling tower fan and the cooling water pump will decrease when the temperature of the control operating points increases. The total energy consumption during 20 years of the heat pump system first decreases and then increases, and the maximum average temperature of the soil increases. For the highest temperature control strategy of the EFT of heat pump units, the optimal control operating point is as follows: when the EFT of the heat pump units is higher than 29 °C, the cooling tower is activated; when the value is lower than 28 °C, the cooling tower is shut down. The total energy consumption during 20 years of the heat pump system is 18,736,005 kWh, and the maximum soil average temperature is 23.43 °C.
For the highest temperature control strategy of the ExFT of heat pump units, the optimal control operating point is as follows: when the ExFT of the heat pump units is higher than 31 °C, the cooling tower is activated; when the value is lower than 30 °C, the cooling tower is shut down. The total energy consumption during 20 years of the heat pump system is 18,770,657 kWh, and the maximum soil average temperature is 23.62 °C.
On the basis of the comparison, we found that when the highest temperature control strategy is adopted, controlling the EFT of the heat pump units is better than controlling the ExFT of the heat pump units.
Analysis of the temperature difference control strategy. Simulation results show that when the temperature difference control strategy is adopted either to control the EFT or the ExFT of the heat pump units, the energy consumption of the heat pump units increases, whereas the energy consumption of the cooling tower fan and the cooling water pump decreases when the temperature of the control operating points increases. The total energy consumption during 20 years of the heat pump system first decreases and then increases, and the maximum average temperature of the soil increases.
For the temperature difference control strategy of the EFT of the heat pump units, the optimal control operating point is as follows: when the temperature difference between the EFT of the heat pump units and the outdoor air wet-bulb temperature is higher than 5 °C, the cooling tower is activated; when the value is lower than 4.5 °C, the cooling tower is shut down. The total energy consumption during 20 years of the heat pump system is 18,665,512 kWh, and the maximum soil average temperature is 22.89 °C.
For the temperature difference control strategy of the ExFT of the heat pump units, the optimal control operating point is as follows: when the temperature difference between the ExFT of heat pump units and the outdoor air wet-bulb temperature is higher than 7 °C, the cooling tower is activated; when the value is lower than 6.5 °C, the cooling tower is shut down. The total energy consumption during 20 years of the heat pump system is 18,605,992 kWh, and the maximum soil average temperature is 22.92 °C.
On the basis of this comparison, we found that when the temperature difference control strategy is adopted, controlling the ExFT of the heat pump units is better than controlling the EFT of the heat pump units.
